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To further address the function of OPN3, we performed a microarray-based 142 transcriptome analysis on P16 control and Opn3 germ-line null mice. Tissues for this analysis 143 were harvested on P16 at ZT1. The control and Opn3 null mice used in this experiment showed 144 no significant weight difference. This choice was designed to minimize the identification of 145 pathways secondary to Opn3 loss-of-function. We harvested two tissues (iAT and inWAT) that 146 express Opn3 and one, liver, that does not. Using the AltAnalyze suite 15, 16 , we identified 147 differentially regulated transcripts that fell into functional clusters and pathways. Clustering 148 based on significant Z-scores for WikiPathway models is noted ( Fig.  S3a -c) but this information 149 is also developed into a more detailed overall schematic ( Fig.  S3d-h ). In addition, subsets of this 150 schematic and additional Opn3-dependent transcriptome changes are shown in Figs. 4-6. In 151 these schematics, each box represents a transcript where red and blue colour coding indicates 152 up-or down-regulation, respectively. With a few noted exceptions, all Opn3-dependent 153 transcript regulation is significant to p<0.05. The Opn3 transcript showed the highest negative 154 fold change in Opn3 null iAT (3.0 fold down, p=1.5x10 -4 ) and inWAT (5.6 fold down, p=7.6x10 -3 ) 155 but was not significantly changed in liver where expression levels are very low. Changes in 156 some transcripts of interest were validated by qPCR ( Fig. S4 ). Overall, transcriptome analysis 157 indicated that OPN3 activity was required for normal regulation of metabolism, as evidence by 158 deregulation of lipid, glucose and energy generation pathways. Consistent with a role for OPN3 159 in regulating adipose circadian clocks, we detected one clock gene, Npas2, that was 160 significantly changed in iAT ( Fig.  S3,  S4a ).
161
Transcriptome analysis for both iAT and inWAT revealed remarkable clusters of 162 upregulated extracellular matrix (ECM) transcripts, their integrin receptors and ECM remodelling 163 enzymes ( Fig.  4a,  b,  S4a ). For iAT, most of the clustered ECM components are collagens ( Fig.   164 4a), whereas for inWAT ( Fig.  4b ), there is variety including fibrillins, a fibronectin, a laminin as 165 well as Col14a1 and Thrombospondin 3, the only two regulated transcripts in common with the 166 iAT ECM cluster. Immunodetection of Collagen 6 in iAT and inWAT from Opn3 adipocyte 167 conditional null mice at P16 ( Fig.  4c  and  d , square) revealed a robust up-regulation in both iBAT 168 ( Fig. 4e -h) and inWAT ( Fig. 4i-l ). This validates transcriptome data but because this is an 169 adipocyte conditional deletion, also shows that Opn3 has a crucial adipocyte-specific function.
170
In Opn3 germ-line null mice at P16, an up-regulation of ECM was not obvious by 171 immunofluorescence, perhaps because for each individual transcript, up-regulation was modest 172 (1.1-1.3 fold). However, when we assessed Opn3 germ-line null mice at 7 months of age, we 173 observed a robust up-regulation of COL6 in both iBAT ( Fig.  4m -p) and inWAT . This 174 suggests that in germ-line Opn3 null mice, there may be a more subtle, progressive 175 accumulation of COL6, perhaps due to non-adipocyte functions of OPN3. It is known that the 176 ECM of adipocytes, and in particular Collagen 6 17 , is crucial for normal metabolic function 18, 19, 20 .
177
Adipose tissue fibrosis, a marked accumulation of ECM components, is also associated with 178 metabolic disruption 17 .
The ECM clusters in iAT and inWAT include many transcripts that normally show 180 circadian rhythmicity in expression level according to the CircaDB database 21 . Remarkably, 7 of 181 9 ECM transcripts in iAT show rhythmic expression ( Fig. 4a ). These data are also consistent 182 with findings from circadian clock mutant mice. For example, Clock mutant mice show a very 183 similar ECM transcript clustering in cardiomyocytes 22 . This reinforces the suggestion that one 184 function of OPN3 is to regulate the adipose circadian clock.
185
In inWAT, Opn3-dependent, differentially regulated transcripts cluster within the PPAR 186 pathway (Fig. 5a ). This pathway regulates adipocyte size as well as lipid metabolism and 187 energy generation 23, 24 . Many PPAR pathway genes are regulated by the circadian clock 23 and 188 consistent with this and Opn3-dependent adipose entrainment ( Fig.  3 ), 9 of 12 regulated PPAR 189 pathway transcripts show rhythmic expression in adipose tissue according to the CircadB 190 database 21 . An assessment of adipocyte size in inWAT of Opn3 germ-line and adipocyte 191 conditional null mice at P16 ( Fig. 5c, d ) revealed that both showed significantly elevated 192 adipocyte size. Neonatal WAT is a mixture of white and "brite" adipocytes and normally has a 193 significantly higher proportion of "brite" adipocytes than adult WAT depots 25, 26 . Hematoxylin 194 staining of inWAT sections showed that both the Opn3 germ line ( Fig. 5e , f) and adipocyte 195 conditional nulls ( Fig.  5g , h) have a lower proportion of the smaller, "brite" adipocytes, as would 196 be suggested by adipocyte size assessment.
197
Consistent with this, inWAT from the Opn3 null showed a striking cluster of 17 electron 198 transport chain (ETC) transcripts, all of which were down-regulated ( Fig.  5b) . Confirming a lower 199 mitochondrial content, the ETC components COX4 (Fig  5k,  l) and UCP1 ( Fig.  5m , n) were both 200 detected at a lower level by immunofluorescence in P16 Opn3 null inWAT compared with the 201 control. In whole inWAT sections, UCP1 immunofluorescence was widespread in the control, 202 and more restricted in the Opn3 null ( Fig.  5m , n). Low levels of UCP1 in P16 Opn3 null inWAT 203 were confirmed by immunoblotting ( Fig.  5o ).
204
We have shown that, like Opn3 loss-of-function, "minus blue" lighting causes neonatal 205 mice to overgrow ( Fig. 1 ). To determine whether this phenocopy extended to tissue changes 206 observed in the Opn3 null, we performed hematoxylin staining of histological sections and found 207 the lower "brite" adipocyte content ( Fig. 5i , j) characteristic of both the Opn3 germ line and 208 conditional nulls. Finally, we assessed inWAT from Opn3 null and "minus blue" reared mice at 209 P16 for total NAD content as this essential coenzyme mediator of electron transport provides a 210 measure of mitochondrial content and function 27 . This quantification showed that in neither case 211 was there a change in liver NAD ( Fig. 5p ). However, in both the Opn3 null and "minus blue" 212 reared mice, NAD levels in inWAT were low ( Fig. 5p ). Combined, these data indicate that a 213 neonatal light-OPN3 pathway influences the "beigeness" and mitochondrial function of inWAT.
214
Prompted by the effects of Opn3 deficiency on mitochondria in inWAT and a modest 215 cluster of ETC genes in iAT ( Fig. 6a ), we assessed mitochondrial status in P16 iBAT using 216 immunoblot for ETC components and transmission electron microscopy (TEM). Immunoblotting 217 for the ETC components ATP5A (Complex V), COX1 (Complex IV), SDHB (Complex II),
218
NDUFB8 (Complex I) and UCP1 revealed some variability in the presence of SDHB in the Opn3 219 null but a consistently low level of both NDUFB8 and UCP1 ( Fig. 6b ). An immunoblot of P16 220 mice raised in "minus blue" lighting revealed that similarly, NDUFB8 and UCP1 were at lower 221 than normal levels ( Fig. 6c ). At P28, mitochondrial morphology in Opn3 null iBAT was often 222 abnormal with a disorganized pattern of cristae ( Fig.  6d ). Transcriptome analysis clustering also by the low Leptin levels detected in serum of Opn3 null mice ( Fig.  S4 ). 
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To test this, we performed cold-stress assays on both neonatal and adult mice that were 242 Opn3 germ line null, adipocyte conditional null, or were raised in "minus blue" conditions. The 243 core body temperature of P21 control and experimental mice within these cohorts was 244 unchanged prior to the cold stress ( Fig. 6e ). Cold stress assays were performed in lighting 245 conditions that were either "full spectrum" (380 nm, 480 nm and 630 nm) or "minus blue" (380 246 nm and 630 nm) as a means of assessing whether any changes in thermoregulation were light-247 dependent. When Opn3 +/+ and Opn3 lacz/lacz mice were exposed to 4 o C over the course of three 248 hours under "minus blue" lighting conditions, the core body temperature response curves were 249 indistinguishable ( Fig. 6f ). However, when the same cohorts were assessed a second time 250 under full spectrum lighting, control, Opn3 +/+ mice were able to defend their body temperature 251 much more effectively than Opn3 lacz/lacz mice ( Fig. 6g ). Importantly, because the "minus blue" 252 control and the Opn3 null mice show a thermogenesis response that is indistinguishable ( Fig.   253 6f), OPN3 function can fully explain the effect of blue light on thermogenesis.
254
To determine whether neonatal development of the thermogenesis response could be 255 influenced by light, we raised cohorts of C57BL/6J mice from birth in a normal LD cycle of full 256 spectrum or "minus blue" lighting. These were the same conditions used to assess wavelength-257 dependent neonatal growth ( Fig.  1d ) and indeed, the "minus blue" reared mice were larger than 258 full spectrum controls at P21 (control, 6.69±0.13 gm, "minus blue" reared, 8.35±0.31 gm, 259 p=0.0007). Despite their elevated body weight, "minus blue" reared mice were less able to 260 defend their body temperature when exposed to a cold stress in full spectrum light ( Fig. 6h ).
261
This establishes that postnatal development of the thermogenesis response in mice is, 262 surprisingly, dependent on the wavelength of photons to which they are exposed. The 263 correspondence of the thermogenesis defect with that observed in the Opn3 null, coupled with 264 data indicating that 480 nm light activates OPN3 3 , suggests that development of a normal 265 thermoregulatory circuit is dependent on a light-OPN3 pathway.
266
To assess whether the defective thermosensory response of the Opn3 null mice could 267 be attributed to adipocyte OPN3, we repeated the cold stress analysis using cohorts of control 268 Opn3 fl/fl and Adipoq-cre;; Opn3 fl/fl mice. In full spectrum lighting, Adipoq-cre;; Opn3 fl/fl mice 269 showed a more limited ability than Opn3 fl/fl control mice to defend their body temperature ( Fig.   270 6i). When mice were switched to "minus blue" lighting at 180 minutes of the cold stress experiment, the body temperature of Opn3 fl/fl rapidly changed to the lower body temperature of 272 the conditional null ( Fig. 6i ). This analysis shows that thermoregulation in neonatal mice is 273 dependent on an adipocyte light-OPN3 pathway that is active both developmentally and acutely.
274
Repetition of cold-stress experiments in adult Opn3 germ line and adipocyte conditional null 275 mice showed a very similar thermosensory deficit ( Fig.  6j-m) in which the absence of blue light, 276 either throughout the cold stress ( Fig.  6j,  l) , or acutely at minute 180 ( Fig.  6k,  m) could mimic the 277 effect of Opn3 mutation. These data indicate that adult mice also use an adipocyte light-OPN3 278 pathway to regulate the use of energy to maintain body temperature.
279
The analysis presented has assessed the function of Opsin 3 1,3 (encephalopsin) in the 280 mouse. We show that adipocytes use OPN3 as a light detector in a pathway that regulates 281 photoentrainment of the adipose circadian clock, the composition of adipocyte ECM, the 282 thermosensory response, and growth of neonatal mice. Extraocular photoreception has been 283 described in vertebrates including fish 33,34 and birds 35 but there are few examples in 284 mammals 36, 37 . The current analysis adds OPN3 to the short list of atypical opsins that act in 285 photoentrainment of circadian clocks. Melanopsin (OPN4) activity can entrain the central 286 circadian clock in the suprachiasmatic nucleus (SCN) 38,10,9 . A second circadian clock system 287 was discovered recently when it was shown that neuropsin (OPN5) is necessary and sufficient 288 for photoentrainment in a retinal circadian clock that functions independently of the OPN4-SCN 289 clock 11,12 . We hypothesize that the OPN3-adipocyte clock represents a third example of a non-290 visual, opsin-mediated entrainment system, and the first shown to function outside the eye.
291
A role for the light-OPN3 pathway in regulation of the thermosensory response is likely 292 linked to its role in circadian clock photoentrainment. This is suggested by the many examples 293 of clock gene mutant mice that have thermoregulation deficits and, like the Opn3 null, show 294 changes in the complement of mitochondrial proteins, such as UCP1, that are required for heat 295 generation 30, 31, 32 . In some cases it has been shown that genes involved in the thermoregulatory 296 response are direct targets of circadian clock transcription factors 32 . The current analysis 297 indicates that the light-OPN3 pathway is required for development of the thermosensory 298 response 28 . We have shown the light-OPN3 pathway regulates Leptin, an adipokine implicated 299 in this aspect of development. Thus, Leptin regulation may explain, at least in part, the action of 300 the light-OPN3 pathway in establishing core body temperature regulation. Since some clock 301 genes can be acutely light-induced, it is also possible that acute modulation of the 302 thermosensory response occurs via acutely regulated clock machinery. We hypothesize that the 303 adipocyte light-OPN3 pathway provides a dynamically responsive, circadian clock-integrated 304 mechanism for matching energy availability to the light-dark cycle.
305
The adipocyte-specific, OPN3-dependent regulation of heat production also provides an 306 explanation for the overgrowth phenotype observed in the Opn3 germ line and conditional 307 mutant mice. The generation of heat in endotherms is an adaption for the efficient function of 308 the biochemical processes that constitute normal physiology. In neonatal Opn3 mutants, we 309 suggest that energy not expended to elevate body temperature can be redirected to the 310 anabolic pathways that underlie growth. Though it might seem that reduced body temperature, 
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In sum, we have found that blue light significantly regulates neonatal growth and 319 metabolism in mice. Unexpectedly, we find this effect is mediated by direct photoreception in 320 adipose tissue, via an 'orphan' opsin, OPN3. Direct photosensitivity of isolated adipose tissue is 321 demonstrated by its ability to synchronize its circadian clock to light-dark cycles, a phenomenon Mol. Cell. Biol. 29, 1575 -1591 (2009 
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Signaling Pathway (WP2316, (f)), for the Electron Transport Chain (WP295, (g)) and for the 627 Fatty Acid b-Oxidation Pathway (WP1269, (h)). 
